Oocyte-specific histone variants have been expected to play significant roles in early embryonic development, but the exact evidence and the biological function have remained unclear. Here, we present evidence that H2af1o, an oocyte-specific H2A variant, is required for cell synchrony before midblastula transition in early zebrafish embryos. The H2A variant is oocyte specific, peaks in mature eggs, and is supplied to early embryos. We constructed a series of deletion plasmids of the zebrafish h2af1o tagged with EGFP and determined the main key function regions including nuclear localization signal of N-terminal 25 amino acids and nucleosome binding region of 110-122 amino acid sequence in the C-terminus by microinjecting them into one-cell-stage zebrafish embryos. In comparison with ubiquitous H2A.X, the H2af1o was revealed to confer a more open structure than canonical H2A in the nucleosomes. Furthermore, we conducted the h2af1o-specific morpholino knockdown analysis in early embryos of zebrafish and revealed its biological function for maintaining cell synchrony division because the H2af1o deficiency disturbed cell synchrony in early cleavages before midblastula transition. Therefore, our current findings provided the first case to understand the biological function of maternal oocyte-specific histone variants in vertebrates.
INTRODUCTION
Histones and histone variants are central components of nucleosome and chromatin and play critical roles in diversifying chromatin structure and genomic DNA compaction [1] . In eukaryotes, numerous nonallelic histone variants have been identified from all five histone families, H2A, H2B, H3, H4, and H1 [2, 3] , and some variants have been demonstrated to fulfill specific functions that cannot be accomplished by the canonical histones, but most of them have been unknown for the specialized biological roles [1] . Among them, oocytespecific histone variants are expected to have profound implications for early embryogenesis because chromatin packaging and nuclear reorganization are sustained by the maternal histones at the early cleavage and development [4, 5] . The known oocyte-specific histones are the linker histone H1 variant H1foo and its homologues that are specifically expressed in oocytes and early embryos [6] , and their physiological functions have been revealed to be involved in oocyte maturation [7] [8] [9] and chromatin remodeling [10] [11] [12] during oogesis and early embryogenesis. Interestingly, along with screening oocyte-specifically expressed genes [13, 14] from gibel carp (Carassius auratus gibelio) with multiple modes of unisexual and sexual reproduction [13, 15] , we have also identified and characterized a novel oocyte-specific H2A variant h2af1o (H2A histone family, member 1, oocyte specific) in fish [16] . Significantly, h2af1o is the first oocytespecific core histone variant; however, its functional role is still unclear.
Oocytes are unique and highly specialized cells and store sufficient maternal proteins and RNAs for initiating efficient cleavage and transforming the one-cell egg into a multicellular embryo [17] [18] [19] . Especially before midblastula transition, only a 15-min oscillator controls the first nine cleavage cycles in zebrafish [20] . Main reasons for the rapid and synchronous divisions are because the cells lack G1 and G2 phases, and there is no any zygotic transcription, but the molecular and dynamic mechanism has remained unknown. This finding of oocyte-specific H2A variant h2af1o in fish provides a good chance for us to explore the mechanism because increasing evidence and insights suggest that maternal histones and the packaging chromatin architecture should be related to the rapid and synchronous divisions at early embryonic development [1, 4, 5] . For this reason, we aim to reveal molecular characterization and biological function of the oocyte-specific H2A variant h2af1o at early synchronous cleavage and embryonic development. To fulfill the purpose, we first identify and characterize zebrafish h2af1o, analyze stability of the H2af1o reconstructed nucleosomes, observe its cellular localization during cell cycle, investigate its functional domains, and distinguish the responsible region of its promoter activity. Finally, the h2af1o-specific morpholino knockdown was conducted to determine its biological function.
MATERIALS AND METHODS

Maintenance of Zebrafish
Zebrafish (Danio rerio) were maintained at 28.58C on a 14L:10D cycle [21] . All embryos were collected by natural spawning and staged according to standard procedures [22] . All the procedures were performed with the approval of the Animal Care and Use Committee of the Institute of Hydrobiology, Chinese Academy of Sciences.
Zebrafish h2af1o Cloning and Sequence Analysis
Zebrafish h2af1o cDNA were screened from the zebrafish oocyte SMART cDNA library constructed with SMART cDNA Amplification Kit (Clontech) and sequenced as described previously [23] . Multiple amino acid sequence alignment was performed with the Clustal X program and refined with Genedoc software. An unrooted neighbor-joining phylogenetic tree was constructed with Mega 5.0 with bootstrap of 1000 replicates.
Relative Real-Time PCR
Relative real-time PCR was performed in a DNA Engine Chromo 4 realtime system (BioRad) with SYBR green real-time PCR master mix (ToYoBo) as described [24] . b-actin was detected as an internal control. All the samples were analyzed in triplicates, and the relative expression level of target genes was calculated with the 2 ÀDCT method [25] .
Antibody Production
The polyclonal antibody specific to zebrafish H2af1o was produced against the peptide of the first 12 amino acids in the N-terminus (KLAAPQKSKTSV). The peptide was conjugated to the KLH peptide (GenScript Company), and then the peptide-KLH conjugate was used to immunize the rabbit to get the polyclonal antibody as described previously [23] .
Western Blot Detection
Western blot detection was performed according to the previous reports using zebrafish H2af1o specific polyclonal antibody [16, 26] . b-actin was detected as an internal control.
RNA Probe Synthesis and In Situ Hybridization
Using T7 polymerase by in vitro transcription (DIG RNA labeling kit; Roche Molecular Biochemicals), antisense probe for zebrafish h2af1o was generated directly from PCR product that included T7 RNA polymerase binding sequence at the 3 0 end of the reward primer (Table 1 ). In situ hybridization was performed according to the published protocol [27] .
Preparation of Recombinant Core Histone Proteins
In order to perform nucleosome in vitro reconstitution, the recombinant core histone proteins H2af1o, H2A.X, H2B, H3, and H4 were first prepared as the modified protocol [28] . Generally, the amino acid coding sequences of these proteins were subcloned by PCR into the vector pET21b (Novagen). Then the recombinant proteins were expressed in Escherichia coli (Bl21 [DE3] pLysS) by 1 mM IPTG induction. After that, the cells of about 100-ml cultures were spun down and resuspended in 10 ml of resuspension buffer (25 mM Tris, 5mM EDTA) with 100 ll PMSF, 200 ll 10% Triton X-100, 10 ll DTT, and 50 ll lysozyme at room temperature for 50 min and then ice for 10 min. The suspension was then sonicated each twice for 10 sec (10 pulses) on ice with 30 sec and centrifuged to get the pellet. Subsequently, the pellet was washed three times with 0.6 M NaCl TE/10 mM DTT followed by three washes with 1 M NaCl/TE (10 mM Tris [pH 7.5], 1 mM EDTA), and 10 mM DTT. For zebrafish H2af1o, H2A.X, and H2B, the pellets were resuspended by brief sonication in TE buffer containing 1 M NaCl. For H3 and H4, the pellets were resuspended with 8 M urea/2 M NaCl for at least 4 h at room temperature. Supernatants of the five recombinant proteins were obtained by centrifugation. Then the hydroxyapatite bead slurry was added to each of the five samples and rotated in a cold room overnight; 15% SDS-PAGE were used to determine the presence and concentration of the five recombinant proteins. Equimolar amounts of zebrafish H2af1o/H2B, H2A.X/H2B, and H3/H4 were, respectively, mixed together, followed with overnight dialysis against 1 M NaCl/TE (for H2af1o/ H2B and H2A.X/H2B) or 2M NaCl/TE (for H3/H4). Finally, these mixtures were each purified with Biorex70 resin (Bio-Rad) and checked by 15% SDS-PAGE.
Chicken Erythrocyte Nucleosome Random Core DNA Purification Chicken erythrocyte nucleosome core particle was purified as described [29] . Briefly, chicken erythrocyte nucleoli were first digested by micrococcal nuclease (30 units/mg DNA) for 5 min at 378C. Second, the pellet was broken up with 0.25 mM EDTA/0.1 mM PMSF at 48C for 1 h. Then supernatants were collected and stirred for 3 h in the cold room with the addition of CM-Sephadex C-25 resin (12 mg resin/mg chromatin). After that, the resin was removed, and the supernatants were dialyzed against TEP buffer (0.25 mM EDTA, 0.1 mM PMSF, and 10 mM Tris [pH 7.8]) overnight at 48C. The dialysate was digested by micrococcal nuclease (0.03 units/mg chromatin) for an appropriate time to disrupt the oligonucleosomes into smaller pieces. Final purification of the nucleosome core particle was achieved by centrifugation in 5%-20% (w/v) sucrose gradients in 25 mM NaCl, 10 mM Tris.Cl, 1 mM EDTA (pH 7.5) [30] . Centrifugation was carried out at 48C in a SW-28 Beckman rotor at 82 000 3 g (25 000 rpm) for 24 h. The random core DNA was isolated using a standard phenol/chloroform alcohol extraction method as described previously [31] .
Nucleosome Core Particle In Vitro Reconstitution
Nucleosome core particle in vitro reconstitution was carried out using salt gradient dialysis [32, 33] . First, the purified zebrafish H2af1o/H2B or H2A.X/ H2B and H3/H4 were mixed in equimolar amounts, and chicken erythrocyte random core DNA was added to the mixture at a histone:DNA ratio of 1.13:1. Then the mixtures were dialyzed for 4 h to overnight against each of the salt gradient dialysis buffers (10 mM Tris [pH 7.5], 0.1 mM EDTA, and 10 mM bmercaptoethanol) containing 1 M NaCl, 0.8 M NaCl, and 0.6 M NaCl. Finally, the reconstituted nucleosome core particles were dialyzed against 10 mM Tris (pH 7.5), 0.1 mM EDTA overnight. The integrity of the core particles reconstituted was determined by 4% native PAGE and analytical ultracentrifugation (see below).
Analytical Ultracentrifugation
Reconstituted zebrafish H2af1o-containing nucleosomes and H2A.Xcontaining nucleosomes were dialyzed against buffers of varying ionic strengths and were subjected to analytical ultracentrifuge analysis as described previously [32] . Briefly, sedimentation velocity runs were performed in a Beckman XL-A ultracentrifuge at 40 000 rpm at 208C with 100 scans at 280 nm, using an An-55 aluminum rotor and double-sector cells with aluminumfilled Epon centerpieces. A value of 0.635 cm 3 /g was adopted for the partial volume of the nucleosome core particle. The software Sedifit was used for data analysis.
In Vitro Transcribed mRNA Microinjection
The corresponding cDNA sequences were subcloned into the pCS2þ vector for in vitro transcription as described previously [34] . Briefly, after linearizing the plasmids with NotI, capped sense RNAs were synthesized using SP6 RNA polymerase and the SP6 Cap-Scribe (Roche) following the manufacturer's instruction. Different mRNAs were respectively resuspended in water and injected 1 nl to an embryo at a concentration of 100 ng/ll.
Antisense Morpholino Microinjection
The h2af1o MO directed against the translation start codon of zebrafish h2af1o mRNA (h2af1o-MO), the control h2af1o 5-base-pair (bp)-mismatched-MO (5-bp-mismatch-MO), standard control MO, and p53 MO (Gene Tools) were designed and injected into fertilized zebrafish embryos at the one-cell stage as described previously [34] . The morpholino sequences were as follows:
Fluorescence Immunochemistry
Embryos were fixed with MSB solution (80 mM K-PIPES, pH 6.5, 5 mM EGTA, 1 mM MgCl2, 3.7% PFA, 0.25% glutaraldehyde) as described [35] . Then the whole-mount embryo immunochemistry was conducted with Ser10 Phos-H3 antibody (1:1000 dilution, Upstate Biotechnology) or a-Tubulin antibody (1:1000 dilution, Sigma) or both as reported [36, 37] . Images were viewed with fluorescence optics of a confocal microscope (Zeiss).
5
0 and 3 0 Deletion Series Construction of the Zebrafish h2af1o Promoter Zebrafish genomic DNA was isolated using standard phenol/chloroform alcohol extraction method as described [31, 38] . Based on zebrafish genome sequence (GenBank accession no. NW003039135.1), an 1141-bp 5 0 flanking sequence of zebrafish h2af1o was amplified with the genomic DNA as template. The possible transcription factor binding sites were predicted by TESS. Series of YUE ET AL.
primers were designed to generate the deletion series as reported [39] . With upstream primers of and downstream primer, series of PCR fragments were amplified. All fragments were inserted into the pGL3-basic vector between KpnI and XhoI restriction sites to yield the 5 0 deletion series reporter vector of zebrafish h2af1o promoter. Similarly, the 3 0 deletion series were obtained by using upstream primer of and downstream primers ( Table 1 ). All the 5 0 deletion constructs and 3 0 deletion constructs were verified by sequencing.
Transient Transfection and Luciferase Assay
293T cells were cultured in medium DMEM supplemented with 10% fetal bovine serum. Transfection was performed according to the previous report [40] . Typically, 293T cells were transferred onto 24-well plates and grown to 90% confluence. For each well, 0.5 lg plasmid DNA of various report vectors and pRL-TK (Promega) vector were transiently cotransfected into the cells with lipofectamine TM 2000 (Invitrogen) according to the manufacturer's instruction. The treated cells were harvested and lysed 24 h after transfection according to the Dual-Luciferase Reporter Assay System (Promega). Luciferase activities were analyzed with a Junior LB9509 Luminometer (Berthold) and normalized to the amount of renilla luciferase activities as described [41] . All samples were analyzed in triplicates.
RESULTS
Identification of h2af1o in Zebrafish
The h2af1o is a novel H2A variant cloned firstly in gibel carp (Carassius auratus gibelio) (GenBank accession no. AF315728) and has been revealed to be closest to a predicted zebrafish H2A type-1-A-like protein (GenBank accession no. XP_002660369) [16] . According to the zebrafish H2A type-1-A-like nucleotide sequence, we designed specific primers and cloned its full-length cDNA through RACE strategy. As shown in Figure 1A , the full-length cDNA of H2A-type1-A-like is 588 bp, which contains a 71-bp 5 0 terminal untranslated region (UTR), a 94-bp 3 0 terminal UTR with a canonical polyadenylation signal sequence AATAAA and a poly (A) tail, and an open reading frame of 423 bp encoding a peptide of 140 amino acids. Nucleotide sequence blast on the zebrafish genome from Ensembl Genome Browser shows that H2A-type1-A-like is located in chromosome 1 and has a 396-bp intron in the 5 0 UTR (Fig. 1B) .
Multiple amino acid sequence alignment indicates that zebrafish H2A-type-1-A-like shares 51.56%-69.29% sequence identities with other H2As in zebrafish, but it owns the highest sequence identity (77.86%) with gibel carp H2af1o (Fig. 1C) .
Moreover, phylogenetic analysis also shows that zebrafish H2A-type-1-A-like is clustered only into one clade with gibel carp H2af1o, whereas other zebrafish H2A sequences are clustered with the corresponding H2As in other species (Fig.  1D ). It is therefore concluded that zebrafish H2A-type1-A-like that was cloned by us should be certified as the h2af1o homologue in zebrafish. 0 deletion series F2-283* GGTACCTATCATCACTCTACATCAGGGA * Primers h2af1o-F and h2af1o-R, H2A.X-F and H2AX-R, H2B-F and H2B-R, H3-F and H3-R, and H4-F and H4-R are used, respectively, for zebrafish H2af1o, H2A.X, H2B, H3, and H4 recombinant mature peptides purification; P7 and P9 are used for zebrafish h2af1o-PCS2þ plasmid constitution for in vitro rescue mRNA transcription; P8 and P9 are used for zebrafish h2af1o-EGFP-PCS2þ plasmid constitution; DN-25F and P9 are used for zebrafish h2af1o N-terminal deletion plasmid (zebrafish h2af1o 26-140 -GFP ) constitution; P8 and DC-110R or DC-122R are used for zebrafish C-terminal deletion plasmids (zebrafish h2af1o 1-110 -GFP and zebrafish h2af1o 1-122 -GFP) constitution. F0-h2af1o and R0-h2af1o are used for amplification of zebrafish h2af1o promoter sequences. F0-h2af1o and R1-395 and F0-h2af1o and R2-605 are used for 3 0 deletion plasmids constructs À395/þ1088 and À605/ þ1088, respectively. F1-115 and R0-h2af1o and F2-283 and R0-h2af1o are used for 5 0 deletion plasmids constructs þ56/À115 and þ56/À283, respectively.
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FIG. 1. Molecular characterization and primary sequence structure of zebrafish h2af1o. A) Nucleotide and deduced amino acid sequences of zebrafish h2af1o. Nucleotide and deduced amino acid residues are numbered on the left. The start and stop codons are marked in bold. B) Schematic representation of genomic structure of zebrafish h2af1o. C) Multiple amino sequence alignment of zebrafish H2af1o and other fish H2As. Multiple amino sequence alignment was done with Clustal X and refined using Genedoc software. Identities of these amino acid sequences to zebrafish H2af1o were indicated at the right. Identical amino acid residues and those sharing biochemical properties in all sequences are highlighted with black shading, while gray shading YUE ET AL.
Existence and Degradation of Zebrafish h2af1o During Oocyte Maturation and Early Embryo Development
Subsequently, we analyzed the adult tissue distribution of zebrafish h2af1o expression through relative real-time PCR and Western blot by using the designed specific primers (Table  1 ) and the prepared zebrafish H2af1o polyclonal antibody that was specifically confirmed (Supplemental Fig. S1 ; all Supplemental Data are available online at www.biolreprod.org). As shown in Figure 2 , A and B, the zebrafish h2af1o transcript ( Fig. 2A) and protein (Fig. 2B ) are expressed exclusively in the ovary, whereas no any signals are detected from other analyzed tissues, including brain, heart, liver, kidney, testis, spleen, and eye.
During oocyte maturation, the zebrafish h2af1o transcript level is very low in primary oocyte stage (stage I) and early cortical alveolar stage (stage II) oocytes and increases about 2.5 times along with the oocyte growth to cortical alveolar stage (stage III) and vitellogenic stage (stage IV). Especially in mature eggs, the transcript expression boosts up to the high peak (Fig. 2C) . In contrast, H2A.X shows a steady decreasing transcription trend during oocyte maturation. In stage I and II oocyte extracts, the transcript level of H2A.X is about 3.5 and 2.2 times of the b-actin transcript, both of which are higher than the h2af1o transcript level. In the following stage III and IV and mature eggs extracts, H2A.X transcript level reduced to 0.75, 0.28, and 0.13 times of the b-actin transcript, which are all lower than that of h2af1o (Fig. 2C) . Western blot detection demonstrates that a specific H2af1o protein band is recognized by zebrafish H2af1o antibody in the protein extracts prepared from stage I, II, III, and IV oocytes and mature eggs of zebrafish, respectively, and the ascending trend is concomitant with the transcript level of h2af1o except for the absence of protein band signal in the extract of primary (stage I) oocytes (Fig. 2D) .
Abundant existence and rapid degradation of zebrafish h2af1o during embryogenesis were observed by real-time PCR, whole-mount in situ hybridization, and Western blotting. As shown in Figure 2E , the zebrafish h2af1o transcript is abundant in the unfertilized eggs and early embryos. Its relative expression unit is 19.97 times of the control b-actin transcript in the unfertilized eggs, and a steady decrease occurs in early embryos from two-cell to 30% epiboly stage. Significantly, a rapid degradation appears in 50% and 75% epiboly stage embryos, in which its relative content dramatically declines to 0.01 and 0.0004 times of the b-actin transcript, and only 0.05% and 0.002% transcript exists in the corresponding embryos (Fig. 2E) . Moreover, the abundant H2af1o protein was also detected by Western blotting in the unfertilized eggs and early embryos. In comparison with real-time PCR data, the H2af1o protein degradation occurred in relative late embryos of 75% epiboly, 12 hpf, 24 hpf, and 36 hpf, and almost no H2af1o protein was detected in 48-hpf and 72-hpf embryos (Fig. 2F) . In situ hybridization displayed that the h2af1o transcript is ubiquitously distributed in all cells of early embryos, and almost no h2af1o transcript signal was observed in late embryos of 24 hpf and 36 hpf (Fig. 2G) .
Zebrafish H2af1o Confers a More Open Structure Than Ubiquitous H2A.X in the Nucleosomes As zebrafish H2A.X and gibel carp H2A were clustered into one clade (Fig. 1D ) and gibel carp H2A had been used as control of H2af1o in our previous study [16] , we here choose H2A.X as the control to conduct sedimentation analysis of zebrafish H2af1o-containing nucleosome particles. First, we expressed and purified zebrafish H2af1o, H2A.X, H2B, H3, and H4. Noticeably, the recombinant zebrafish H2af1o and H2B as well as H2A.X and H2B must be together purified as heterodimers by Bio-Rex70 (Bio-Rad; Fig. 3A, lanes 2 and 3) because they could not be purified individually as completely unfolded monomers [28] . H3/H4 were also purified in the same way by assembling into their native heterotetramer form (Fig. 3A, lane 4) . In addition, native chicken erythrocyte core particles (Fig. 3A, lane 1) were used as nucleosome marker. Then the purified proteins were used to reconstitute nucleosomes onto a 146-bp random DNA fragment isolated from chicken erythrocyte core particles by using salt gradient dialysis and the nondenaturing polyacrylamide gel electrophoresis with silver staining analysis [32, 33] . As shown in Figure 3B , both zebrafish H2af1o and H2A.X are successfully incorporated into nucleosome core particles (Fig. 3B,  lanes 3 and 6) . It was previously reported that nucleosome assembly must have two steps: histones (H3/H4) 2 tetramers are first bound onto the DNA to form a nucleosome precursor, then the precursor is associated with H2A/H2B dimers to complete the nucleosome [42] , so we also assembled zebrafish H2af1o/H2B, H2A.X /H2B, or H3/H4 separately with random DNA as controls. As shown in Figure  3B , a small band with faster electrophoretic velocity than the reconstituted nucleosome core particles is detected in the H3/ H4 controls (Fig. 3B, lanes 4 and 7) but not in the zebrafish H2af1o/H2B (Fig 3B, lane 5) or H2A.X/H2B (Fig 3B, lane 8) controls.
Subsequently, the reconstituted nucleosome core particles were dialyzed in different NaCl concentration solutions between 0 and 600 mM to analyze their sedimentation behavior and stability. As shown in Figure 3C , before NaCl is mixed into the solvents, s 20,w of the zebrafish H2af1o nucleosomes (7.3S) is smaller than that of the zebrafish H2A.X nucleosomes (8.2S). After low salt of 100 mM NaCl is added, s 20,w of the zebrafish H2af1o nucleosomes increases from 7.3S to 8.3S, and the two types of particles display almost similar sedimentation coefficient at the low salt concentrations (from 100 to 200 mM NaCl). As the salt concentration increases, the sedimentation coefficient decreases for both particles, but s 20,w decrease of the H2af1o nucleosomes is obviously quicker than that of H2A.X nucleosomes from 300 mM NaCl. Especially at 400 mM NaCl, s 20,w of the H2af1o nucleosomes is 7.6S compared with 7.9S of H2A.X nucleosomes. The various sedimentation profiles (Fig. 3C ) suggest that zebrafish H2af1o should confer a more open structure and exhibit a lower inherent stability than ubiquitous H2A.X in the nucleosomes. 
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Synchronous and Asynchronous Cell Recognition of the Expressed H2af1o Embryos During Midblastula Transition
The in vitro transcribed h2af1o mRNA tagged with EGFP (zebrafish h2af1o 1-140 -EGFP) was microinjected into one-cell stage zebrafish embryos, and the expressed H2af1o 1-140 -EGFP was observed to localize in nucleus and distribute ubiquitously in all cells throughout the early embryos. Significantly, synchronous and asynchronous cells could be recognized during early embryonic development in the expressed H2af1o embryos. As shown in Figure 4 , all cells are synchronously divided during the first eight cleavage cycles (Fig. 4a) , and some asynchronous cells, such as prophase and metaphase cells, are able to be clearly distinguished from the early 512-cell H2af1o-expressed embryos (Fig. 4b) .
Key Function Regions of Zebrafish H2af1o
In comparison with other ubiquitous H2As, significant sequence difference exists in C-terminal and N-terminal tails of zebrafish H2af1o, whereas its central globular domain is almost the same as that of other H2As (Fig. 1C) . Thus, we constructed C-terminal and N-terminal tail deletion plasmids of h2af1o tagged with EGFP (Fig. 5A ) to reveal key function regions of zebrafish H2af1o. Subsequently, these in vitro transcribed mRNAs were respectively microinjected into onecell-stage zebrafish embryos. As shown in Figure 5B , when the C-terminal tail (18 amino acids) was partially omitted, the fluorescence signal of zebrafish H2af1o 1-122 -EGFP fusion protein (Fig. 5B-a, b, c, and d) is completely the same with zebrafish H2af1o 1-140 -EGFP (data not shown), and the green YUE ET AL. signal ( Fig. 5B-a) is colocalized with blue nucleus DNA signal (Fig. 5B-c) in all stage cells, including prophase, metaphase, and anaphase ( Fig. 5B-d) . In contrast, when the whole C-terminal tail (30 amino acids) of zebrafish H2af1o was excluded, the zebrafish H2af1o 1-110 -EGFP is normally localized only in the prophase nucleus, whereas its fluorescence signal disappears from the following metaphase and anaphase cells (Fig. 5B-e, f, g, and h ). Moreover, when a part of N-terminal tail (25 amino acids) was deleted, the zebrafish H2af1o 26-139 -EGFP localization is thrown into confusion. In prophase cells, the H2af1o 26-139 -EGFP signal does not enter the nucleus, which retains almost in the cytoplasm (Fig. 5B-i, j, k, and l) . In metaphase and anaphase cells, the H2af1o 26-139 -EGFP localization is also disorganized. The signal is colocalized not with nucleus DNA but with spindles or is diffused in the cytoplasm (Fig. 5B-i, j, k, and l) . Therefore, the data indicate that the nuclear localization signal of zebrafish H2af1o is in the N-terminal region of 1-25 amino acids and that the 110-122 amino acid sequence is the key region for binding with nucleosome and for maintaining nucleosome stability.
The þ56/À115 Region Is Crucial for the Promoter Activity of Zebrafish h2af1o
To understand the responsible regions of zebrafish h2af1o promoter, a total of 1141bp 5 0 flanking sequence of zebrafish h2af1o was obtained from the zebrafish genomic DNA (Fig.  6A) . The flanking sequence includes a 53-bp noncoding region (bold in Fig. 6A ) of the cDNA sequence and a 1088-bp putative promoter. As shown in Figure 6A , several possible transcription factor binding sites, such as C/EBP, E2F, c-Myc, TaI-1b, CDP, Oct-1, and CREB, have been predicted by TESS. Relative luciferase activity of the full-length promoter (þ56/À1088 construct) is about 47-fold that of pGL3-basic vector (Fig. 6B) . In the series 3 0 deletion (À395/À1088 and À605/À1088) constructs, the relative luciferase activities decreased to nearly the same level of pGL3-basic vector, indicating that the þ56/À395 region should be needed for the core promoter activity. In the subsequent series 5 0 deletion (þ56/À115 and þ56/À283) constructs, the relative luciferase activities were almost similar to that of the full-length promoter (þ56/À1088 construct; Fig. 6C) . Therefore, the þ56/À115 region is crucial for the promoter activity, and the C/EBP binding site in this region is important for the h2af1o expression.
H2af1o Knockdown Causes Severe Defects in Early Embryo Development
To determine the physiological roles of h2af1o in early embryo development, we designed the h2af1o-specific morpholino (h2af1o-MO) against the translation start site to block its translation. First, the h2af1o-MO efficacy was confirmed by coinjecting a green fluorescent protein (EGFP) reporter containing the start site sequence of H2af1o. In comparison with green fluorescence signal in the coinjected embryos of h2af1o-EGFP and the 5-bp-mismatch-MO control (Fig. 7A-a) , no green fluorescence was observed in the h2af1o-MO and h2af1o-EGFP coinjected embryos (Fig. 7A-b) . Second, the MO efficacy was also determined by injections of h2af1o-MO or 5-bp-mismatch-MO in 0.2, 0.4, and 0.8 mM of concentration. Western blot detection reveals that all the three different doses of h2af1o-MO injection effectively reduce the H2af1o protein compared to the 5-bp-mismatch-MO injection (Supplemental Fig. S2-A) . Supplemental Figure S2 -B shows the corresponding band intensities of Supplemental Figure S2 -A. In particular, the band intensities of the 0.2, 0.4, and 0.8 mM h2af1o-MO injected embryos reduce, respectively, to 81%, 40%, and 34% compared to that of the 5-bp-mismatch-MO injected embryos. To minimize the off-target effects of the MO, 0.4 mM was adopted as the optimal dose for injection in the further experiments. As shown in Figure 7B , compared with the 5-bp-mismatch-MO control injection, the h2af1o-MO effectively reduces H2af1o protein expression, and the in vitro transcribed h2af1o mRNA can rescue the protein expression reduction in about 50% epiboly and 10-somite embryos (Fig.  7B) . Figure 7C shows the corresponding band intensities of Figure 7B , in which the band intensities of the h2af1o-MO knockdown embryos reduce to 40.6% and 36.7% of the 5-bp- ZEBRAFISH H2af1o IS REQUIRED FOR CELL SYNCHRONY mismatch-MO injected embryos, respectively, in 50% epiboly and 10-somite stage, and the coinjected embryo band intensities of h2af1o-MO and h2af1o mRNA reduce to 90.3% and 76.9%, which is higher than that of h2af1o-MO knockdown embryos in the two examined stages (Fig. 7C) . Significantly, in comparison with normal embryos in the 5-bpmismatch-MO injection (Fig. 7D-a, b, and c) , the h2af1o-MO injected embryos had severe development defects from early embryonic stages (Fig. 7D-d, e, and f) , in which the morphants did not get thinner along the evacuation zone at the 5-hpf 50% epiboly stage, the blastomere spreading rate became slowly, and the morphogenetic movement was severely disturbed (Fig.   7D-d) . Up to the 12-hpf somite stage of control embryos (Fig.  7C-b) , most (89%) of the severely defective embryos died quickly because normal morphogenesis, such as tail bud formation and somitogenesis, did not occur in the h2af1o-MO injected embryos (Fig. 7D-e) . Some embryos could escape from death, but the morphants displayed a very short anteriorposterior body axis and severe pericardial cavity edema in the 24-hpf embryos (Fig. 7D-f) . Since p53-MO can attenuate the off-targeting effects of morpholinos that are mediated through p53 activation [34, 43] , we also checked the embryonic effects of h2af1o-MO and p53-MO coinjection. In comparison with normal embryos injected with p53-MO (Fig. 7D-j, k, and l) or standard control MO (Fig. 7D-m, n, and o) , the coinjection embryos (h2af1o-MOþp53-MO) still exhibited the same abnormal phenotype with the h2af1o-MO-injected embryos (Fig. 7D-g, h, and i) , which confirmed the specificity of the embryonic defects in the h2af1o morphant embryos. Figure 7E shows the statistical data of three independent experiments on the H2af1o knockdown and p53-MO coinjection in the 50% epiboly stage. The data suggested that H2af1o might contribute to early embryonic development during zebrafish embryogenesis.
H2af1o Deficiency Leads to Cell Asynchrony in Early Cleavages
To clarify how early embryonic development was affected by the H2af1o, we used fluorescence immunostaining of antiphospho-Histone H3 (Ser10) antibody (Upstate) and a-Tubulin antibody (Fig. 8A) to visualize dividing prophase, metaphase, anaphase, and telophase cells and thereby to recognize abnormal cell changes from early cleavage stages of the h2af1o-MO injected embryos. As shown in Figure 8 , in comparison with completely synchronous metaphase cells in 128-cell ( Fig. 8A-a) and 256-cell ( Fig. 8A-d ) stages of the 5-bp-mismatch-MO control injected embryos, some asynchronous cells, such as anaphase and telophase cells, can be observed from the corresponding 128-cell (Fig. 8A-b ) and 256-cell ( Fig. 8A-e) stages of the h2af1o-MO injected embryos, and the upset asynchrony can be partially rescued by the in vitro transcribed h2af1o mRNA coinjection (Fig. 8A-c and f) , especially in the early 128-cell stage (Fig. 8A-c) . Noticeably, the H2af1o deficiency leads to much more asynchronous cells (Fig. 8A-h ) compared with the control (Fig. 8A-g ) in 512-cell stage embryos, and the increased asynchrony in this stage can be still rescued by the h2af1o mRNA coinjection (Fig. 8A-i) . Figure 8B shows the statistical data of three independent experiments, in which the relative percentages of asynchronous cells increase from 3% to 32% in 128-cell and 256-cell stage embryos because of the h2af1o-MO knockdown. In 512-cell stage embryos, the percentage of asynchronous cells in the h2af1o-MO injected embryos (68%) is much higher than the control embryos (18%). Additionally, the h2af1o mRNA injection has indeed rescued the asynchrony in the three stages, as the percentages of asynchronous cells are 0%, 15%, and 22%, respectively, in the 128-, 256-, and 512-cell stages, which are lower than that of the H2af1o knockdown embryos but higher than that of the control embryos. The results indicate that H2af1o deficiency damages cell synchrony in early cleavages, implying that zebrafish h2af1o plays a critical role for cell synchrony before midblastula transition.
DISCUSSION
Maternal histones and the packaging chromatin architecture have been suggested to play significant roles in early embryonic development [1, 4, 5] . In this study, we identified the h2af1o homologue in zebrafish and demonstrated its oocyte-specific expression pattern. As a maternal histone, its abundant existence and rapid degradation were observed during early embryogenesis. Moreover, a series of deletion plasmids of h2af1o tagged with EGFP were constructed and microinjected into one-cell-stage zebrafish embryos to analyze the key function regions. Its N-terminal region of 1-25 amino acids was identified as nuclear localization signal, and its 110-122 amino acid sequence was revealed as the key region for binding with nucleosome and for maintaining nucleosome stability. Further sedimentation analysis suggested that H2af1o should confer a more open structure than canonical H2A.X in the nucleosomes. Lastly, h2af1o-specific morpholino knockdown analysis showed that cell synchrony division in early cleavages was disturbed by the H2af1o deficiency. In the past, histone variant H2A.Z was shown to be required for early mice development because the H2A.Z deficiency could lead to embryonic lethality [44] . In comparison with the oocytespecific H2af1o, however, H2A.Z functions only in the fast cell differentiation or proliferation [44] . Therefore, our current data revealed that H2af1o might contribute to early embryonic development and play a critical role in cell synchrony before midblastula transition. Obviously, H2af1o is the first oocytespecific H2A variant reported so far in vertebrates, and it is also the first time to understand its biological function of the maternal oocyte-specific H2af1o.
Numerous histone variants were demonstrated to be able to import specific physical and chemical properties to the nucleosomes by replacing canonical histones [45] . Our current results also observed that zebrafish H2af1o might confer a more relatively loose and open inner structure in the nucleosomes and exhibit a lower inherent stability than ubiquitous H2A.X in the nucleosomes. The loose and open structure should be more permissible for rapid chromatin packaging and uncoiling to ensure the fast cleavage speed in early embryonic development. It is therefore speculated that other potential maternal histone variants might also exist in the oocyte. Some histone variants were demonstrated to be different from canonical histones in incorporating into nucleosomes, and distinct remodeling complexes were shown to be responsible for the targeted deposition of histone variants [46] . Thus, many more oocyte-specific histones and the corresponding remodeling complexes remain to be further explored.
Another significant finding in this study regards the identification of the key function region for binding with the nucleosome and for maintaining nucleosome stability in zebrafish H2af1o. Recently, the C terminus of human H2A was identified as a central region for nucleosome stability, chromatin remodeling, and binding to histone H1 [47] , and the last 20 C-terminal amino acids of the yeast H2A.Z were also demonstrated to be critical for H2A.Z functions [48] . Our series deletion analysis indicated that the 110-122 amino acid sequence but not the C-terminal 18 amino acid tail in zebrafish H2af1o is the key region. In human H2A, the C-terminal 15 amino acid tail can be divided into two parts: the 115-122 part passes between the strands of DNA wrapped around the nucleosome, and the 123-129 portion protrudes from the nucleosomal structure [49] . Amino acid sequence alignment shows an almost identical sequence between the 110-122 amino acids of zebrafish H2af1o and the corresponding sequences of other H2As (Fig. 1C) . Therefore, these deletion and comparative analyses suggested that the 110-122 amino acids of zebrafish H2af1o should be the key region for binding with nucleosome and for maintaining nucleosome stability, whereas the 123-140 amino acids might extrude the nucleosome surface.
In addition, our series deletion analyses indicate that the þ56/À115 sequence is a crucial region for the promoter activity of zebrafish h2af1o (Fig. 6) . In this region, there is a potential core promoter sequence predicted by BDGP (marked by the box in Fig. 6 ) and one transcription factor binding site C/EBP (CCAAT/Enhancer Binding Protein), and the C/EBP site is located at the front of just 21 nucleotides of the potential core promoter region. Previously, C/EBPs was revealed to be a highly conserved family of basic region leucine zipper (bZip) transcription factors [50] , and its functions were demonstrated to involve the regulation of some critical cell-fate-determining programs, such as growth arrest, migration, and differentiation [51] . Therefore, the C/EBP binding site should be very important for h2af1o expression and deserves to be further studied.
